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The envelope glycoprotein (Env) complex of human immunodeficiency virus type 1 has evolved a structure that
is minimally immunogenic while retaining its natural function of receptor-mediated virus-cell fusion. The Env
complex is trimeric; its six individual subunits (three gp120 and three gp41 subunits) are associated by relatively
weak, noncovalent interactions. The induction of neutralizing antibodies after vaccination with individual Env
subunits has proven very difficult, probably because they are inadequate mimics of the native complex. Our
hypothesis is that a stable form of the Env complex, perhaps with additional modifications to rationally alter its
antigenic structure, may be a better immunogen than the individual subunits. A soluble form of Env, SOS gp140,
can be made that has gp120 stably linked to the gp41 ectodomain by an intermolecular disulfide bond. This protein
is fully cleaved at the proteolysis site between gp120 and gp41. However, the gp41-gp41 interactions in SOS gp140
are too weak to maintain the protein in a trimeric configuration. Consequently, purified SOS gp140 is a monomer
(N. Schülke, M. S. Vesanen, R. W. Sanders, P. Zhu, D. J. Anselma, A. R. Villa, P. W. H. I. Parren, J. M. Binley, K. H.
Roux, P. J. Maddon, J. P. Moore, and W. C. Olson, J. Virol. 76:7760–7776, 2002). Here we describe modifications
of SOS gp140 that increase its trimer stability. A variant SOS gp140, designated SOSIP gp140, contains an
isoleucine-to-proline substitution at position 559 in the N-terminal heptad repeat region of gp41. This protein is
fully cleaved, has favorable antigenic properties, and is predominantly trimeric. SOSIP gp140 trimers are nonco-
valently associated and can be partially purified by gel filtration chromatography. These gp140 trimers are
dissociated into monomers by anionic detergents or heat but are relatively resistant to nonionic detergents, high salt
concentrations, or exposure to a mildly acidic pH. SOSIP gp140 should be a useful reagent for structural and
immunogenicity studies.

The envelope glycoprotein (Env) complex of human immu-
nodeficiency virus type 1 (HIV-1) mediates viral entry into
CD4� cells. The sequential binding of the surface subunit
gp120 to the CD4 receptor and a coreceptor, usually CCR5 or
CXCR4, induces conformational changes in the Env complex.
These alterations in protein structure eventually enable the
insertion of the hydrophobic fusion peptide of the transmem-
brane subunit, gp41, into the cell membrane. Subsequently, the
viral and cell membranes fuse, allowing the release of the viral
core into the cytoplasm and the initiation of a new cycle of
infection (for reviews, see references 17, 24, 25, 31, 61, and 99).
gp120 and gp41 are synthesized as a gp160 precursor that is
cleaved within the cell to yield the native, prefusion form of the
Env complex (39, 55, 63). This is generally considered to be a
trimeric structure, containing three gp120 and three gp41 moi-
eties held together by noncovalent interactions (31, 73, 99).
The native Env complex is unstable, because the noncovalent
intersubunit interactions that hold gp120 to gp41 are weak, as
are the intermolecular interactions between the gp41 moieties
(31, 73, 99). This instability is probably essential for receptor-
triggered conformational changes to occur, but it does cause a

problem for attempts to express the native complex as a re-
combinant protein (5).

One reason to prepare recombinant forms of the native Env
complex is for structural studies. At present, structural infor-
mation on HIV-1 Env is limited to core fragments of gp120 in
the CD4-associated configuration and the six-helix bundle
form of the gp41 core, which represent its terminal, most stable
configuration (10, 16, 45, 46, 51, 54, 89, 94). Although the
six-helix bundle is often referred to as the fusogenic form of
gp41, this term can be misleading, because it is the formation
and not the mere presence of the six-helix bundle that drives
membrane fusion (25, 35, 56). Hence, antibodies to the six-
helix bundle cannot interfere with fusion and are nonneutral-
izing (42, 59, 65, 71, 90). We therefore use the term “postfusion
form” of gp41 when referring to the six-helix bundle, to reflect
its persistence on infected cells as a major immunogen after
the fusion process is complete and on virions when conforma-
tional changes in Env leading to gp120 shedding have occurred
prematurely or abortively (25). Most antibodies to gp41 in
HIV-1-infected individuals recognize this postfusion confor-
mation (36, 59, 71, 78, 90, 100).

A second reason to make the native Env complex is to study
its immunogenicity and determine its suitability as a vaccine
antigen. The few monoclonal antibodies (MAbs) that potently
neutralize HIV-1 all recognize epitopes exposed on the native
Env complex and may well have been induced by such a com-
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plex (9, 34, 58, 69–71, 73, 81). In contrast, nonneutralizing
MAbs do not bind to the native complex and probably repre-
sent immune responses to nonnative forms of Env, such as
uncleaved gp160 precursors, dissociated gp120 subunits, or the
six-helix bundle, postfusion form of gp41 (9, 59, 69, 70, 73).

Eliciting neutralizing antibodies by vaccination with any
form of Env is problematic, because of the mechanisms that
the native Env complex has evolved to shield its most critical
sites and to limit its overall immunogenicity. Thus, conserved
regions of gp120 involved in receptor binding are shielded by
variable loops and by extensive glycosylation. The CD4 binding
site (CD4BS) is recessed, and the coreceptor binding site is
only formed or exposed for a short period after CD4 has
already bound, thereby limiting the time and space available
for antibody interference (57, 58, 66, 97). Whether such de-
fense mechanisms can be overcome by vaccine-induced anti-
bodies remains uncertain (59, 71). Our approach to the prob-
lem has been to try to make a stabilized native Env complex
which may then have to be further modified to improve its
immunogenicity.

The lability of the noncovalent interaction between gp120 and
the gp41 ectodomain (gp41ECTO) is an obstacle to the production
of stable, fully processed HIV-1 Env trimers. It was previously
reported that the association between gp120 and gp41ECTO can
be stabilized by the introduction of a correctly positioned inter-
molecular disulfide bond to make a soluble form of Env, SOS
gp140 (5, 79). In the presence of cotransfected furin, the peptide
bond linking gp120 to gp41ECTO is cleaved, allowing the produc-
tion of properly processed gp140 (5, 79). It was initially reported
that oligomeric proteins were present in supernatants from 293T
cells transiently expressing SOS gp140 (5). However, these oli-
gomers were not abundant, and they did not survive purification:
purified SOS gp140 is a monomeric protein (83). We now de-
scribe a way to further stabilize the gp41-gp41 interactions in SOS
gp140. We have introduced amino acid substitutions into the
N-terminal heptad repeat region of gp41 that we hypothesize
destabilize the postfusion form of the protein and thereby render
the transition to this configuration less likely. One such protein,
SOS I559P gp140 (designated SOSIP gp140), is properly folded,
proteolytically cleaved, substantially trimeric, and has appropriate
receptor binding and antigenic properties. The SOSIP gp140 tri-
mer can be converted to the monomeric form by heat or anionic
detergents but is partially resistant to nonionic detergents.

MATERIALS AND METHODS

Env expression. Various forms of virus strain JR-FL gp140 were expressed in
293T cells from the pPPI4 vector and furin was expressed from pcDNA3.1-Furin
as described previously (5, 79). Uncleaved JR-FL gp140 (gp140UNC) with amino
acid substitutions to prevent its proteolytic processing has been described else-
where (5). Specific mutations were made by using a QuickChange mutagenesis
kit (Stratagene, La Jolla, Calif.). Random mutations were generated with prim-
ers that could contain any nucleotide at the relevant positions. Numbering is
based on the virus strain HXB2 Env sequence. Recombinant JR-FL gp120 has
been described elsewhere (92).

Antibody binding assays. The procedures and MAbs used to perform radio-
immunoprecipitation assays have all been described elsewhere (1, 5, 60, 80, 93).
MAbs were provided by James Robinson (17b and 2.2B), George Lewis (B12),
Hermann Katinger (2F5, 2G12, 4D4, and 4E10), and Dennis Burton (b12).

SDS-PAGE, BN-PAGE, and Western blot analyses. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), blue native (BN)-PAGE,
and Western blot analyses were performed as described previously (5, 79, 83).
Culture supernatants from transiently transfected 293T cells were concentrated

10-fold before gel electrophoresis by using Ultrafree-15 concentrators (Milli-
pore, Bedford, Mass.).

Gel filtration analysis of envelope glycoproteins. Supernatants from 293T cells,
transfected with pPPI4-gp140 plus pcDNA3.1-Furin, were concentrated 100-fold
and then size fractionated by using an analytical Superdex 200 HR 10/30 column
equilibrated with 100 mM NaCl–50 mM sodium phosphate (pH 7.0) (phosphate-
buffered saline [PBS]) (Amersham-Pharmacia, Piscataway, N.J.). Fractions (300 �l)
were analyzed by using SDS-PAGE and BN-PAGE; in both cases, Western blotting
was used to detect Env. The column was calibrated by using protein standards of
known sizes (HMW-standard; Amersham-Pharmacia).

Trimer stability experiments. Eluates from gel filtration columns, containing
SOSIP gp140 trimers, were incubated with various reagents or under different
conditions and then analyzed by BN-PAGE and Western blotting. The following
detergents were obtained from the following suppliers: SDS, Sigma, St. Louis,
Mo.; t-octylphenoxypolyethoxyethanol (Triton X-100), Sigma; polyoxyethylene
sorbitan monolaurate (Tween 20), Sigma; ethylphenyl-polyethylene glycol (Non-
idet P-40), United States Biochemicals, Cleveland, Ohio; n-octyl �-D-glucopyr-
anoside, Sigma; and Empigen BB, 30% solution (Empigen), Calbiochem, La
Jolla, Calif.

Peptide production. Plasmid pN36/C34JR-FL, encoding the HIV-1JR-FL

N36(L6)C34 model peptide (which consists of the N36 and C34 peptides con-
nected via a short peptide linker that replaces the disulfide-bonded loop region
of gp41ECTO), was derived from pN36/C34HXB2 (51). Amino acid substitutions
were introduced into the N36 segment of pN36/34JR-FL by using the method of
Kunkel et al. (44) and then verified by DNA sequencing. All recombinant
peptides were expressed in Escherichia coli strain BL21(DE3)/pLysS (Novagen,
Madison, Wis.). The bacteria were grown at 37°C in Luria-Bertani medium to an
optical density at 600 nm of 0.8 and induced with isopropylthio-�-D-galactoside
for 3 to 4 h. Cells were lysed at 0°C with glacial acetic acid. The bacterial lysate
was centrifuged (35,000 � g for 30 min) to separate the soluble fraction from
inclusion bodies. The soluble fraction, containing denatured peptides, was dia-
lyzed in 5% acetic acid overnight at room temperature. Peptides were purified
from the soluble fraction to homogeneity by reverse-phase high-performance
liquid chromatography (Waters, Milford, Mass.) with a C18 preparative column
(Vydac, Hesperia, Calif.) and a water-acetonitrile gradient in the presence of
0.1% trifluoroacetic acid and then lyophilized. The molecular weight of each
peptide was confirmed by using matrix-assisted laser desorption ionization–time
of flight mass spectrometry (PerSeptive Biosystems, Framingham, Mass.). The
concentration of each peptide was determined at 280 nm after solubilization in
6 M guanidinium chloride (32).

CD spectroscopy. High-performance liquid chromatography-purified peptides
were solubilized in 6 M guanidinium chloride–10 mM Tris-HCl (pH 7.0) and re-
folded by dilution in PBS at a neutral pH. The single-point-substituted variant
peptides were named according to the position of the substitution. Circular dichro-
ism (CD) experiments were performed by using an Aviv 62A DS CD spectrometer.
The wavelength dependence of molar ellipticity, �, was monitored at 4°C by using a
10 �M peptide solution in PBS. Helix content was calculated by the method of Chen
et al. (22). Thermal stability was determined by monitoring the change in the CD
signal at 222 nm (�222) as a function of temperature. Thermal melts were performed
in 2°C increments with an equilibration time of 2 min at the desired temperature and
an integration time of 30 s. All melts were reversible. Superimposable folding and
unfolding curves were observed, and �90% of the signal was regained upon cooling.
The melting temperatures, or midpoints of the cooperative thermal unfolding tran-
sitions (Tm), were determined from the maximum of the first derivative, with respect
to the reciprocal of the temperature, of the �222 values (12). The error in the
estimation of Tm was �0.5°C.

Sedimentation equilibrium analysis. An XL-A analytical ultracentrifuge
equipped with an An-60 Ti rotor (Beckman Coulter, Fullerton, Calif.) was used
for sedimentation equilibrium analysis. Peptide solutions were dialyzed over-
night against PBS, loaded at initial concentrations of 10, 30, and 100 �M, and
analyzed at rotor speeds of 20,000 and 23,000 rpm at 20°C. Data sets were fitted
simultaneously to a single-species model of ln(absorbance) versus (radial dis-
tances)2 by using the program NONLIN (43). Protein partial specific volume and
solvent density were calculated as described by Laue et al. (48).

RESULTS

Stabilization of the SOS gp140 trimer by mutagenesis. Al-
though purified, cleaved SOS gp140 is a monomer, we have
observed oligomeric forms of this protein in freshly prepared
supernatants from transiently transfected 293T cells (5, 83). An

8876 SANDERS ET AL. J. VIROL.



example of SOS gp140 oligomers, together with the experi-
ment-to-experiment variation in their abundance, was pro-
vided by a BN-PAGE analysis of four different 293T cell trans-
fections (Fig. 1A). In some preparations, a significant fraction
of SOS gp140 is oligomeric (Fig. 1A, lanes 1 and 4); in others,
a negligible proportion is (lanes 2 and 3).

The above observations suggest that the oligomeric form of

SOS gp140, although clearly unstable, might not be too far
from stability. We therefore adopted a mutagenesis strategy to
try to increase the stability of cleaved, oligomeric SOS gp140.
We focused on altering the gp41ECTO sequence, because of the
clear preponderance of evidence that interactions between
gp41ECTO subunits are responsible for the oligomerization of
gp140 (29, 85, 99). However, no structural or other data are

FIG. 1. Instability of SOS gp140 and a mutagenesis strategy for gp41ECTO. (A) BN-PAGE analysis of SOS gp140 present in culture supernatants
derived from four individual experiments each involving transient transfection of 293T cells with the same Env and furin expression plasmids.
(B) The residues at positions a and d in the N-terminal heptad repeat of gp41ECTO, depicted in gray in the secondary structure, were substituted
in this study. Major MAb epitopes are indicated (26, 68, 100, 106). (C) Schematic representation of a cross-section of the six-helix bundle,
postfusion form of gp41ECTO and a helical-wheel representation of one N-terminal helix. The residues at positions a and d of the N-terminal heptad
repeat (black symbols) form the trimer interface.
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available on the likely points of contact between the gp41
moieties in the native, prefusion form of the envelope glycop-
rotein trimer. We therefore adopted a more theoretical ap-
proach, based on the premise that destabilization of the post-
fusion state of gp41 might stabilize its prefusion configuration,
by shifting the conformational equilibrium in favor of the pre-
fusion state (40, 41, 49–51). A plethora of structural and ge-
netic data on the postfusion, six-helix bundle structure of gp41
was available to guide our mutagenesis strategy (3, 10, 13, 16,
20, 21, 39, 49, 51, 54, 74, 89, 94–96)

The trimeric stability of gp41 in the six-helix bundle form of
the protein is determined by the residues at positions a and d
of the N-terminal heptad repeat region (40, 41, 52) (Fig. 1B
and C). Most of these amino acids are absolutely conserved.
Hydrophobic Val, Leu, and Ile residues form the apolar inter-
face of the three N-terminal helices; these residues are critical
determinants of the folding and thermal stability of the six-
helix bundle (84). We assumed that making nonconservative
substitutions at these conserved, hydrophobic residues would
destabilize the six-helix bundle and so, by reducing the prob-
ability of its formation, cause the gp41ECTO subunits to remain
in their desired, prefusion configuration. The hydrophilic glu-
tamine residues at positions 552, 562, and 590 were initially left
unaltered, since buried polar interactions involving these res-
idues confer structural specificity for the formation of the N-
terminal coiled-coil trimer at the expense of its thermal stabil-
ity (41) (Fig. 1B and C). Substitutions at the Thr-569 residue
were also evaluated.

Because we could not predict which amino acids would be
tolerated in the prefusion configuration of gp41ECTO, we per-
formed random mutagenesis. Hence, various amino acids with
different biochemical properties were introduced in place of
the targeted Val, Ile, and Leu residues. An emphasis of our
mutagenesis approach was to alter the Ile-559 and Ile-573
residues, because core isoleucines are known to confer the
greatest stability to trimeric coiled coils (also known as isoleu-
cine zippers) (38). In most simian immunodeficiency virus
(SIV) strains, Val and Thr residues are found, respectively, at
these positions, where they may serve to destabilize the post-
fusion, coiled-coil structure (40, 49, 50). Of note is that SIV
gp140UNC has a greater tendency to be trimeric than the cor-
responding HIV-1 protein (15, 19).

The use of BN-PAGE to monitor the oligomeric state of
HIV-1 gp140 has been described elsewhere (83). This tech-
nique served as a screening assay to identify more stable SOS
gp140 variants, i.e., ones that remained trimeric under condi-
tions in which unmodified SOS gp140 ran mainly as a mono-
mer. The SOS gp140 variants were expressed in transiently
transfected 293T cells, in the presence of cotransfected furin to
facilitate gp120-gp41 cleavage. The effects of various single-
residue substitutions on the expression and trimer stability of
these SOS gp140 variants are summarized in Table 1. An
example of how BN-PAGE was used to derive this information
is shown in Fig. 2A.

Many of the randomly generated SOS gp140 mutants were
not expressed or were expressed poorly, particularly those with
substitutions at positions 555, 576, and 587. This result prob-
ably occurred because amino acid changes at these positions
have adverse effects on protein folding. However, other con-
served residues (e.g., those at positions 548, 573, 580, and 583)

were more tolerant of substitutions, in that the SOS gp140
mutants were still expressed efficiently. The effects on SOS
gp140 expression of substitutions at other positions, notably,
545, 559, 566, and 569, were dependent on the identity of the
amino acid introduced. Thus, at position 545, a Leu-to-Phe
change (L545F) reduced SOS gp140 expression, whereas the
introduction of Asn (L545N), Pro (L545P), or Gly (L545G) at
this position had little effect. Similarly, Ile-to-Phe or Ile-to-Asn
substitutions at position 559 (I559F or I559N, respectively)
severely diminished SOS gp140 expression (Fig. 2A, third and
sixth lanes). In contrast, the introduction of Val (I559V), Gly
(I559G), or Arg (I559R) residues at position 559 had a lesser
effect on SOS gp140 expression, and a Pro (I559P) substitution
had no adverse effect at all (Fig. 2A, fourth, seventh, and
eighth lanes). Other examples of how the introduced residue
can have a variable effect on SOS gp140 expression include
changes at residues 566 and 569 (Table 1).

We used BN-PAGE to determine whether there were dif-
ferences in oligomer stability among the SOS gp140 mutants
that were efficiently expressed. Under native conditions, wild-
type SOS gp140 migrates predominantly as a monomer, with
some dimeric and trimeric species also present (Fig. 2A, sec-
ond lane). The proportion of SOS gp140 that is oligomeric
varies from experiment to experiment (Fig. 1A), but the gel
shown in Fig. 2A is typical of what is most commonly observed.
In contrast, gp140UNC migrates as oligomeric forms, with the
dimer predominating (Fig. 2A, first lane).

Most of the amino acid substitutions consistent with the
efficient expression of SOS gp140 had little effect on the extent
of its oligomerization (Table 1). However, several substitutions
at position 559 clearly altered the oligomerization state of SOS
gp140 (Fig. 2A). Thus, when Ile-559 was replaced by a non-
conservative Gly (I559G), Arg (I559R), or Pro (I559P) residue,
the most abundant protein form was consistently the trimer
(Fig. 2A, fourth, fifth, and eighth lanes). In contrast, the con-
servative Ile-to-Val substitution at position 559 had no effect,
in that the I559V protein and wild-type SOS gp140 were in-
distinguishable (Fig. 2A, second and seventh lanes). Some sub-
stitutions at positions 566 and 569 (e.g., L566V and T569P)
marginally increased the proportions of SOS gp140 variants
that were trimeric (Table 1). Note that the percentage of tri-
mers varied per transfection, but the amount of trimer in the
SOS gp140 I559P preparation shown in Fig. 2A (see also Fig.
3) was typical. Sometimes, larger amounts of trimer, up to
90%, were observed.

There appeared to be a correlation between the expression
of some SOS gp140 mutants and the extent to which they were
oligomeric. Thus, substitutions at positions 559, 566, and 569
affected both the expression and the oligomerization of SOS
gp140 (Table 1 and Fig. 2A). Residues at these positions may
be particularly important for the correct folding of the trimeric,
prefusion form of gp140.

The above experiments show that the introduction of the
helix-destabilizing residue Gly or Pro at position 559 increased
the tendency of SOS gp140 to form trimers. Hence, this region
of gp140 may not be helical in the prefusion configuration of
the protein. In the influenza virus hemagglutinin (HA2) pro-
tein, a loop-to-helix transition induced by exposure to low pH
is essential for the formation of the fusion-intermediate, ex-
tended coiled-coil conformation (8). Various proline substitu-
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tions in this particular region of HA2 permit the production of
proteolytically cleaved trimers, but these mutants are fusion
impaired because they cannot undergo the critical loop-to-
helix transition (37, 75). We therefore investigated whether
proline substitutions at other residues near position 559 of
HIV-1 gp41 could have the same, trimer-stabilizing effect as
the I559P substitution. However, although most of the mutants
could be efficiently expressed, none of the substitutions stabi-
lized the trimeric form of SOS gp140 in the same way that the
I559P substitution did (Table 2).

We also tested various combinations of amino acid substi-
tutions. Generally, in all of the double or triple mutants that
were evaluated, the presence of either the I559P or the I559G
change was essential to obtain the trimer-stabilized phenotype.
A few other substitutions (e.g., L566V and T569P) had a mar-
ginally stabilizing effect on SOS gp140 trimers (Tables 1 and 2).

The I559G and I559P substitutions that conferred increased
stability on SOS gp140 were also made in the context of HIV-

1LAI expressing membrane-bound Env to determine whether
they were compatible with Env function. Both substitutions
completely abolished Env function and virus replication (R. W.
Sanders and B. Berkhout, unpublished results). This finding is
consistent with previous reports of the deleterious effects of
most substitutions in this region of gp41 (13, 20, 21, 74, 95, 96).

Stabilized SOS trimers form noncovalently and are cleaved.
Based on the above results, we focused on the SOSgp140
I559P and I559G variants for further analysis. These pro-
teins are designated SOSIP gp140 and SOSIG gp140, re-
spectively. Although SOSIP gp140 was consistently ex-
pressed at higher levels than SOSIG gp140, the presence of
a glycine residue at position 559 might confer flexibility to
the latter protein. We considered that any such flexibility
might prove useful if and when the I559G substitution were
combined with other modifications. We also further studied
the SOS gp140 L566V and T569P variants to determine
whether similar results would be obtained with trimers that

TABLE 1. Summary of characteristics of SOS gp140 variants

Residue Mutation in
SOS gp140 Expressiona Trimer

stabilityb Cleavagec Residue Mutation in
SOS gp140 Expressionc Trimer

stabilityb Cleavagec

L545 F � �
N �� �
P �� �
G �� �

I548 V �� �
L �� �
H �� �
N �� �
S �� �
G �� �
R �� �

L555 V � ND
W � ND
Y � ND
S � ND
P � ND

I559 V � �
F � ��
N � ND
P �� �� ��
G � �� ��
R � ��

L566 V � � ��
I � �
N � �
T � �
P � �
K � �

T569 S � �
P � � ��
K � �
E � ND

a Relative scale: �, no expression; �, minimal expression; �, expression level lower than that of wild-type SOS gp140; ��, expression level equivalent to that of
wild-type SOS gp140; ���, expression level greater than that of wild-type SOS gp140. All proteins were expressed in the presence of cotransfected furin, which
decreases gp140 expression (5, 6, 79). The data were derived from at least three independent transfections.

b As assessed by BN-PAGE. The trimer stability of SOS gp140 was set at � (some trimers were present in some transfections). The maximum amount of trimers
(��) was found only in gp140 variants containing substitutions at residue Ile-559 and ranged from 40 to �90% of total Env expression in independent transfections.
The data were derived from at least three independent transfections. ND, not determined (no expression).

c Data were derived from Fig. 2C. Symbols are as defined in footnote a.

I573 L �� �
F �� �
Y �� �
Q �� �
N �� �
T �� �
P �� �
G �� �
K �� �

L576 V � �
F � �
Y � �
Q � �
N � �
G � �
K � �

V580 L �� �
H �� �
T �� �
P �� �
G �� �

V583 L �� �
Q �� �
N �� �
S �� �
P �� �
R �� �
K �� �

L587 A � �
P � �
R � �
D � �
E � �
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had been stabilized, even to only a limited extent, by sub-
stitutions at positions other than 559.

To investigate whether the oligomeric species present in the
SOSIP gp140, SOSIG gp140, L566V, and T569P preparations
were covalently or noncovalently associated, we analyzed them
by using denaturing but nonreducing SDS-PAGE (Fig. 2B).
gp140UNC was included for comparison (Fig. 2B, first lane). As
expected, SOS gp140 migrated predominantly as a 140-kDa
species (Fig. 2B, second lane). However, some higher-molec-
ular-weight, SDS-resistant species were also present in both
the SOS gp140 and the gp140UNC preparations. The higher-
molecular-weight species were only a minor component of the
SOS gp140 preparation, but they were the predominant form
in the gp140UNC preparation (Fig. 2B, first lane). We believe
that the higher-molecular-weight forms of these proteins are
predominantly covalently associated dimers and, in some
cases, tetramers that could be dimers of dimers (see below).

The SOS gp140 variants were all indistinguishable from
wild-type SOS gp140, in that the predominant species after
SDS treatment were always 140-kDa monomers (Fig. 2B, third
through seventh lanes). Thus, the trimeric forms of SOSIP
gp140 and SOSIG gp140 are not created by the aberrant for-
mation of intermolecular disulfide bonds; instead, the protein
is associated by noncovalent interactions.

Our goal is to make stable, oligomeric gp140 that is properly
processed at the cleavage site between the gp120 and gp41
subunits. We therefore analyzed whether the SOSIP gp140,
SOSIG gp140, L566V, and T569P variants were processed
appropriately. The proteins were boiled in the presence of SDS
and dithiothreitol (DTT), to achieve both denaturation and
reduction, before SDS-PAGE analysis (Fig. 2C). Under these
conditions, each of the SOS gp140 variants was converted to
gp120 and gp41ECTO forms (Fig. 2C and data not shown).
Thus, each of the gp140 variants was substantially (�90%)
cleaved, in that the 140-kDa band did not survive DTT treat-
ment (Fig. 2C, second through seventh lanes). In contrast,
gp140UNC was unaffected by DTT and still migrated as a 140-
kDa band, because it possesses a peptide bond between the
gp120 and gp41 subunits (Fig. 2C, first lane). Thus, the in-
creased trimer stability of the SOSIP gp140, SOSIG gp140,
L566V, and T569P variants is not caused by or associated with
any cleavage defect.

Most of the SOS gp140 preparations analyzed by SDS-
PAGE contained a small percentage of SDS-resistant oli-
gomers, and these forms of gp140 were relatively abundant in
the gp140UNC preparation (Fig. 2B). Since these higher-mo-
lecular-weight forms of gp140 were not observed when DTT
was used to reduce disulfide bonds (Fig. 2C), they presumably
represent protein forms that are linked via aberrant, intermo-
lecular disulfide bonds (83). To determine whether the higher-
molecular-weight proteins were dimers or trimers, we treated
SOSIG gp140 with increasing amounts of SDS and then per-
formed BN-PAGE analysis (Fig. 2D). In the absence of SDS,
trimers, dimers, and monomers were present at approximately
equal proportions in the SOSIG gp140 preparation (Fig. 2D,
second lane). As the SDS concentration was increased, how-
ever, the trimer band completely disappeared, whereas the
dimer band survived exposure to SDS concentrations even as
high as 1% (Fig. 2B, fourth lane, and Fig. 2D). The stronger
intensity of the dimer band on the Western blot is probably

attributable to increased reactivity of the detecting MAb once
gp140 has been denatured with SDS. The more pronounced
increase in the intensity of the monomer band suggests that
trimers dissociate to three monomers, rather than to a dimer
and a monomer (see below). Overall, we conclude that SOSIG
gp140 trimers are formed by noncovalent, SDS-sensitive bonds
but that dimers are associated via aberrant, intersubunit disul-
fide bonds. Similar results were obtained with the SOSIP gp140
preparation (data not shown, but see Fig. 4). Wild-type SOS

FIG. 2. PAGE analysis of SOS gp140. (A) BN-PAGE of SOS
gp140 containing changes at position 559. gp140UNC was included for
comparison. (B and C) SDS-PAGE of SOS gp140 variants under
nonreducing (B) or reducing (C) conditions. (D) BN-PAGE analysis
after treatment with increasing SDS concentrations. SOSIG gp140 was
treated with SDS for 1 h at 25°C. The SDS concentrations used were
0, 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, and 0.04%, increasing
from left to right. BN-PAGE analysis was then performed. Monomeric
gp120 (20 ng) served as a molecular weight standard.
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gp140 could not, of course, be tested in this way, as its trimeric
form was too unstable.

Fractionation of oligomeric gp140 species by gel filtration.
The BN-PAGE analyses showed that amino acid substitutions,
in particular those at position 559, can stabilize SOS gp140
trimers. To corroborate this finding by an independent tech-
nique, unpurified gp140 secreted from Env-transfected 293T
cells was studied by analytical gel filtration chromatography
with a Superdex 200 column. Proteins of known molecular
masses provided reference standards. These were catalase (232
kDa), ferritin (440 kDa), and thyroglobulin (669 kDa). How-
ever, it should be noted that fully glycosylated gp120 and gp140
molecules are nonglobular in shape, so gel filtration cannot
precisely determine their absolute molecular masses (14, 15,
83).

The eluate fractions were collected and then analyzed by
SDS-PAGE and Western blotting to identify the migration
positions of various Env forms (Fig. 3). Because the input Env
was unpurified, unrelated proteins are also present in the elu-
ate, so the fractions in which Env forms eluted could not be
determined by nonspecific methods. SOS gp140 was found
predominantly in fractions 13, 14, and 15, corresponding to an
apparent molecular mass similar to that of catalase (232 kDa)
(Fig. 3A, top panel). Thus, the average apparent molecular
mass of the eluted SOS gp140 monomer was 	240 kDa, a
value consistent with the value of 	220 kDa that was reported
previously, also by gel filtration (83). The small amount of
gp120 present in this preparation of SOS gp140 had a slightly
lower apparent molecular mass of 	220 kDa (Fig. 3A). In
most preparations of SOS gp140, a small quantity of covalently
linked oligomers, probably dimers, was also seen, centered
around fractions 9 and 10 (data not shown). These results
confirm the previous report that SOS gp140 is usually predom-
inantly a monomeric protein (83) (Fig. 1A).

In contrast, SOSIP gp140 eluted over a broad range in frac-
tions 1 to 16, indicating that both oligomeric and monomeric
species are present (Fig. 3A, bottom panel). A small amount of
covalently linked oligomers was also observed (Fig. 2B, third
lane), just as similar oligomers were usually present in SOS
gp140 preparations (Fig. 2B, second lane). To resolve the dif-
ferent oligomeric species, the same SOSIP gp140 gel filtration
fractions were then analyzed by BN-PAGE. This analysis
showed that trimeric, dimeric, and monomeric proteins had
been clearly resolved on the Superdex 200 column; the trimers
were predominantly in fractions 4 to 9, the dimers were in
fractions 7 to 11, and the monomers were in fractions 11 to 15
(Fig. 3B). Similar results were obtained with an SOS gp140
triple mutant containing the I559P, L566V, and T569P muta-
tions (data not shown).

The apparent molecular mass of the SOSIP gp140 monomer
corresponds to what was observed with wild-type SOS gp140
(	240 kDa; see above). The retention of dimers, centered
around fraction 9, corresponds to an average apparent molec-
ular mass of 	410 kDa, whereas the trimer (peak fraction 6)
has an average apparent molecular mass of 	520 kDa. It is
notable that the trimers do not elute in a position consistent
with their expected size of three times the size of a gp140
monomer. They elute at a position corresponding to a molec-
ular mass of 	520 kDa, as opposed to the “expected” 	660 to
720 kDa (i.e., 3 � 	220 to 240 kDa). The same is true, to a

lesser extent, for the dimers, which elute at 	410 kDa, com-
pared to the “expected” 	440 to 480 kDa (i.e., 2 � 	220 to
240 kDa). The explanation for these results is probably that the
trimers, and perhaps also the dimers, are folded into a confor-
mation which is more compact than that of gp140 monomers.
Electron microscopy studies may be able to confirm this sug-
gestion. Alternatively, the nature and extent of glycosylation of
the different oligomeric forms of gp140 may vary, because
glycosylation sites on the trimer could be less accessible to
modifying enzymes than the same sites on the monomer. Over-
all, given the limitations of gel filtration for estimating the
molecular masses of nonglobular proteins (14, 15, 83), other
techniques will need to be used (e.g., mass spectrometry) to
establish the absolute molecular masses of the various purified
oligomeric species of SOS gp140.

Clearly, SOSIP gp140 preparations are not pure trimers
prior to fractionation by gel filtration (Fig. 2A and 3); mono-
mers, dimers, and tetramers are also present. We estimate that
typically 40% of an SOSIP gp140 preparation elutes in the
trimer fraction. We assume that the dimers and tetramers are
aberrant forms of Env that are generated by much the same,
albeit unknown, processes that also cause them to be present in
gp140UNC preparations (Fig. 2) (28–30, 33, 83, 101, 102). The
small amount of monomers present in SOSIP gp140 prepara-
tions probably arises because the effect of the trimer-stabilizing
I559P substitution is imperfect. We are presently determining
how to purify SOSIP gp140 trimers from other non-Env forms
that elute from gel filtration columns at similar positions.

Stability of SOSIP gp140 trimers. The Superdex 200 column
fractions corresponding to the trimer peak of the SOS gp140
variant I559P (fractions 6 and 7) were pooled for analysis of
their stability (Fig. 4). The trimers were stable when incubated
for 1 h at 25 and 37°C (Fig. 4A, first and second lanes), but
some monomers became visible after 1 h at 45°C (third lane)
and almost all of the protein was in the monomeric form after
heating for 1 h at 55 or 65°C (fourth and fifth lanes). Three
freeze-thaw cycles at �80°C did not convert the trimers into
monomers (Fig. 4A, seventh lane). We next incubated the
fractionated trimers with various detergents for 1 h at 25°C
(Fig. 4B). The trimers dissociated into monomers upon incu-
bation with 0.1% SDS, an anionic detergent (Fig. 4B, second
lane), but they were at least partially resistant to the same
concentration of the nonionic or zwitterionic detergents Triton
X-100, Tween 20, Nonidet P-40, n-octyl �-D-glucopyranoside,
and Empigen (third through seventh lanes). We also observed
that SOSIP gp140 trimers did not dissociate into monomers in
the presence of NaCl concentrations of up to 1.0 M or after
exposure to mild acid (pH 4.0) (data not shown). The effects of
various adjuvants and of long-term storage at various temper-
atures on the trimeric state of purified SOSIP gp140 trimers
are currently under investigation.

Dimers were present at only very low levels in heat- or
detergent-treated SOSIP gp140 trimers. This result suggests
that the assembly units of the trimers are three equivalent
monomers rather than a monomer and a dimer.

Antigenic structure analysis of stabilized SOS gp140. Since
our goal is to make cleaved, stable gp140 trimers that mimic as
closely as possible the antigenic structure of virion-associated
Env, we studied the reactivity of unpurified SOSIP gp140 with
a panel of MAbs and CD4-based reagents. SOS gp140 and
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gp140UNC were also studied for comparison (Fig. 5). Both
wild-type SOS gp140 and SOSIP gp140 were immunoprecipi-
tated by the CD4 IgG2 molecule, indicating that the CD4BS
was intact on the gp120 subunits of both proteins (Fig. 5,
second lane). Neutralizing MAb b12 to a CD4BS-associated
epitope also bound to both proteins efficiently, as did neutral-
izing MAb 2G12 to a mannose-dependent gp120 epitope (80,
93) (Fig. 5, first and third lanes). Furthermore, soluble CD4
induction of the 17b epitope was highly efficient in both SOS
gp140 and SOSIP gp140 (Fig. 5, fourth and fifth lanes). This
epitope overlaps the CD4-inducible coreceptor binding site on
gp120 (77, 91, 97, 98). Thus, the I559P substitution in
gp41ECTO does not affect the ability of the gp120 subunits of
SOS gp140 to bind the CD4 receptor and then to undergo
receptor-mediated conformational changes. SOSIP gp140 ap-
pears indistinguishable from wild-type SOS gp140 in this re-
gard.

There are three predominant epitope clusters in gp41ECTO.
One cluster is recognized by neutralizing MAbs 2F5, 4E10, and
z13 and is located close to the C terminus of gp41ECTO (68, 88,
106) (Fig. 1B). This region of gp41ECTO is well exposed on
SOS gp140 and SOSIP gp140, as indicated by their efficient
binding of 2F5 (Fig. 5, sixth lane) and 4E10 (data not shown).
The cluster I and cluster II gp41ECTO epitopes are highly
immunogenic. However, antibodies to these regions of gp41
are nonneutralizing because their epitopes are occluded in the
native, prefusion form of the Env complex, either by interac-
tions between gp41ECTO moieties or because of the presence
of the gp120 subunits (5, 42, 59, 65, 71, 82, 90). MAbs to cluster
I (2.2B) and cluster II (4D4) epitopes interact with gp140UNC

efficiently but do not bind to SOS gp140 or SOSIP gp140 (Fig.
5, seventh and eighth lanes). Similar results were obtained with
other MAbs to these epitope clusters (data not shown). This
pattern of results is consistent with previous reports on the
antigenic structure of SOS gp140 (5, 79, 83). It is possible that
the introduction of the cysteine substitution at position 605 in
SOS gp140 directly perturbs the nearby epitopes for some or
all of the cluster I MAbs. However, this cannot be the case for
the cluster II MAb epitopes, since these are located in the

C-terminal helical region, approximately 40 residues from the
Cys-605 substitution (Fig. 1B).

The SOS gp140 variants I559G, L566V, and T569P were also
tested for reactivity with the above MAbs and CD4-based
reagents. Each of them behaved in a manner similar to that of
SOS gp140 and SOSIP gp140 (data not shown). Further stud-
ies on the receptor and MAb binding properties of purified
SOSIP gp140 trimers will be described elsewhere in a compar-
ison with other forms of gp140 (M. Vesanen, R. W. Sanders,
and J. P. Moore, unpublished results). These experiments,
together with other planned structural analyses, should deter-
mine whether the gp41ECTO moieties of SOSIP gp140 adopt a
native configuration or whether the helix-destabilizing effect of
the I559P substitution creates a nonnative gp41ECTO confor-
mation that is not recognized by some anti-gp41 MAbs.

Destabilization of the six-helix bundle form of gp41. Our
mutagenesis results indicate that SOS gp140 trimers can be
stabilized by the I559G, I559P and, to some extent, L566V and
T569P substitutions in the N-terminal heptad repeat region of
gp41ECTO. Given that hydrophobic interactions are a domi-
nant factor in the stabilization of the gp41 core (40, 51), it
would appear that these amino acid substitutions destabilize
the six-helix bundle structure. To directly test this hypothesis,
we determined the effects of each of the four amino acid
substitutions on the overall structure and stability of the JR-FL
gp41ECTO core. To do this, we constructed a recombinant
peptide model of the soluble gp41 core. This model peptide,
designated N36(L6)C34, consists of the N36 and C34 peptides
connected via a short peptide linker that replaces the disulfide-
bonded loop region of gp41ECTO (Fig. 6A) (51). The N36
peptide consists of residues 546 to 581 and the C34 peptide
consists of residues 628 to 661 of the JR-FL gp41 sequence.
Each of the above four amino acid changes was introduced into
the N36(L6)C34 peptide. Sedimentation equilibrium analysis
showed that the molecular weights of the N36(L6)C34 vari-
ants, except for the I559P mutant, were all within 10% those
calculated for an ideal trimer, with no systematic deviation of
the residuals (data not shown).

CD measurements indicated that the N36(L6)C34 wild-type
peptide and the I559G, L566V, and T569P variant peptides are
each �95% alpha helical at 4°C, whereas the I559P variant
peptide is apparently only 	75% alpha helical (Table 3). Un-
der these conditions, the Tm of the I559G, I559P, L566V, and
T569P peptides are 46, 34, 72, and 44°C, respectively; the Tm

for the wild-type peptide is 78°C (Table 3). The pre- and
posttransitional slopes and the steepness of the main transition
are very similar for the N36(L6)C34, I559G, and L566V pep-
tides (Fig. 6B). In contrast, the I559P and T569P peptides
display broad thermal unfolding transitions (Fig. 6B). Sedi-
mentation equilibrium experiments indicate that the
N36(L6)C34 peptide and the I559G, L566V, and T569P vari-
ant peptides each sediment as discrete trimers over a 10-fold
range of peptide concentrations (10 to 100 �M) (Table 3 and
Fig. 6C). The I559P peptide is also trimeric in solution at
concentrations of less than 15 �M but exhibits a systematic
deviation from the trimer molecular weight at 10 to 100 �M,
indicating that it is prone to aggregation. Taken together, these
results indicate that the Ile-559–to–Gly and Thr-569–to–Pro
substitutions each lead to an appreciable destabilization of the
six-helix bundle structure but do not affect its overall fold. In

TABLE 2. Effect of proline substitutions at residues near
position 559

Residue Expressiona Trimer
stabilityb Cleavagec

L555d � ND
L556 �� �
R557 �� �
A558 �� �
I559d �� �� ��
E560 ��� �
A561 ��� �
Q562 ��� �
Q563 ��� �
R564 ��� �
M565 �� �
L566d � �

a See Table 1, footnote a.
b See Table 1, footnote b.
c See Table 1, footnote c.
d Also shown in Table 1.
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contrast, the Ile-559–to–Pro substitution essentially disrupts
the six-helix bundle structure. Moreover, the Leu-566–to–Val
change is associated with a small, unfavorable, residual desta-
bilization of the six-helix bundle structure.

Overall, these experiments confirm that the I559P, I559G,
L566V, and T569P substitutions do, in fact, destabilize the
six-helix bundle, postfusion conformation of gp41ECTO. In-
deed, the I559P change appears sufficient to completely pre-
vent the formation of the postfusion state by destabilizing the
N-terminal helix. The results obtained by using model peptides
are therefore consistent with what was observed when the
corresponding amino acid substitutions were introduced into
SOS gp140. Moreover, both sets of results support the under-
lying hypothesis that destabilizing or otherwise preventing the
formation of the six-helix bundle form of gp41ECTO helps
maintain gp140 in its native, trimeric, prefusion configuration.

DISCUSSION

We describe here the generation and characterization of
soluble, cleaved HIV-1 Env trimers. In these gp140 molecules,
the gp120-gp41 interactions are stabilized by an intermolecular
disulfide bond, and the gp41-gp41 interactions are stabilized by
specific amino acid substitutions in the N-terminal heptad re-

peat region of gp41ECTO, most notably at position 559. The
need for this study arose when we observed that SOS gp140
was unstable, in that it dissociated into gp140 monomers and
could not be purified in trimeric form (83). The fragility of the
SOS gp140 trimer is created by the proteolytic cleavage event
that eliminates the peptide bond between gp120 and gp41ECTO

as the gp140 precursor is processed to maturity. Thus,
gp140UNC forms stable oligomers, whether or not the disulfide
bond that characterizes SOS gp140 is also present (2, 83, 87,
101, 102, 105). Since we want to make cleaved, stable Env
trimers for structural and immunogenicity studies, we needed
to find a way to overcome the instability of the gp41-gp41
interactions in the prefusion form of gp140.

Our efforts were guided by the hypothesis that destabiliza-
tion of the postfusion state of gp41 might lead to stabilization
of the native, trimeric SOS gp140 complex. The native HIV-1
Env complex is metastable and undergoes a transition to the
postfusion, six-helix bundle structure after activation by recep-
tor binding, probably losing gp120 in the process (17, 24, 25, 31,
61, 99). The gp120 moiety of SOS gp140 can bind CD4 and
undergo conformational changes that expose the coreceptor
binding site. We do not know whether any additional confor-
mational changes are initiated in the gp41ECTO moiety of SOS

FIG. 3. Gel filtration analysis of SOSIP gp140. (A) SOS gp140 and SOSIP gp140 (SOS I559P) were fractionated on a Superdex 200 column.
The individual fractions were analyzed by SDS-PAGE and Western blotting. (B) The SOSIP gp140 fractions from panel A were analyzed by
BN-PAGE and Western blotting. The elution positions (peak fractions) of standard proteins are indicated.
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gp140 upon CD4 and/or coreceptor binding. Any such changes
cannot be completed. However, whether or not SOS gp140 has
bound to CD4, the gp41-gp41 interactions that are responsible
for its trimerization are unstable, and the protein readily be-
comes a monomer (83).

Our hypothesis for stabilizing the trimeric form of SOS
gp140 was based on an increasing understanding of the delicate
balance between the metastable, prefusion state of gp140 and
its stable, postfusion, six-helix bundle configuration. The bal-
ance involves not only the trimeric interactions between
gp41ECTO moieties but also the association between gp120 and
gp41ECTO. Several lines of evidence support our experimental
approach. SIVmac gp140 seems to be a more stable trimeric
protein than HIV-1 gp140 (15, 19). In contrast, the postfusion
state of SIVmac Env is less stable than that of HIV-1 Env (50);
it may or may not be relevant that SIVmac Env contains a valine
and not an isoleucine residue at position 559. Furthermore,
SIVmac Env with an unusually strong gp120-gp41 association
has a destabilized, postfusion, six-helix bundle conformation,
unlike the parental virus from which it evolved (47, 50). Also
consistent with our hypothesis are studies with an HIV-1LAI

variant engineered to contain SOS substitutions and so to have
gp120 covalently linked to gp41. This virus is minimally infec-
tious but evolves in cultures to a more infectious form via
reversions at a region of gp41ECTO that corresponds to the
trimer interface of the postfusion form (Sanders and Berkhout,
unpublished). These changes in gp41ECTO may influence the

interactions both between gp120 and gp41 and between the
gp41 moieties.

We believe that the substitutions that we have introduced at
position 559 to make SOSIP gp140 or SOSIG gp140 block one
or more of the conformational transitions in gp41ECTO (39). A
model of how the substitutions might act is presented in Fig. 7.
We argue that preventing these transitions stabilizes SOS
gp140 as a trimer. However, we do not yet know which of the
several conformational transitions that gp41ECTO undergoes
during fusion is impaired by the changes at position 559. Two
possibilities are that the transition from the elusive native state
to the prehairpin intermediate is affected or that the subse-
quent transition from the prehairpin intermediate to the six-
helix bundle structure is prevented (Fig. 7). The observation
that the N36(L6)C34 I559P peptide is only 	75% helical ar-
gues in favor of the first possibility—interference with the
formation of the N-terminal helix—although additional studies
will be required to confirm this notion. Peptide-based studies
of the gp41 N-terminal helix have shown that the first part of
this helix, including the region around position 559, is more
flexible than the last part (18). There is evidence that the
prehairpin intermediate may exist as an equilibrium between a
monomeric state and a trimeric coiled coil and that disrupting
the homotrimeric coiled coil is an efficient way to block fusion
(4, 11, 72). Preventing the formation of the inherently unstable
prehairpin intermediate state may therefore stabilize the Env
complex in its native conformation.

Stabilizing the prefusion, trimeric structure of a fusogenic
viral glycoprotein by destabilizing or disrupting its N-terminal
helix via a proline substitution is not without precedent. In the
influenza virus HA2 glycoprotein, a stretch of 22 amino acids is
not helical in the prefusion form. However, upon exposure to
low pH to trigger fusion, this region of HA2 undergoes a
loop-to-helix transition to form the fusion-active configuration
of the protein (8). Proline substitutions here in HA2 allow the
expression of properly processed but fusion-incompetent pro-
teins (37, 75). Similarly, a proline substitution at position 559 in
HIV-1 gp41 is known to abolish the fusogenicity of an other-
wise infectious virus (20, 21).

FIG. 4. Stability of SOSIP gp140 trimers. Fractions 6 and 7 from a
gel filtration profile similar to that shown in Fig. 3 were pooled as a
source of SOSIP gp140 trimers. The trimers were incubated for 1 h at
the temperatures indicated (A) or exposed to a 0.1% concentration of
various detergents for 1 h at 25°C (B). The proteins were then analyzed
by BN-PAGE and Western blotting. �80°C �3, three freeze-thaw
cycles at �80°C; NP-40, Nonidet P-40; Oct-glucoside, n-octyl �-D-
glucopyranoside.

FIG. 5. Antigenic structure analysis of gp140. Radioimmunopre-
cipitation assays were performed with gp140UNC, SOS gp140, and
SOSIP gp140 (SOS gp140 I559P) and various neutralizing and non-
neutralizing MAbs as previously described (5). sCD4, soluble CD4.
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The SOSIP gp140, SOSIG gp140, L566V, and T569P vari-
ants do not suffer from any proteolytic cleavage defects, in
contrast to the cleavage defects that are caused by amino acid
substitutions at the same positions in the context of wild-type
gp160 (13, 20, 21, 74). An explanation for the apparent dis-
crepancy may be provided by the earlier observation that the
presence of the SOS intersubunit disulfide bond can rescue
some cleavage defects in gp140 (79). Moreover, the SOS gp140
variants are expressed in the presence of cotransfected furin,
so the increased concentration of this enzyme may compensate
for any partial reduction in cleavage efficiency. The use of basic
substitutions within the gp140 cleavage site to increase the
efficiency with which SOS gp140 variants are processed by
endogenous and exogenous furin proteases has been described
elsewhere (6). The utility of these cleavage site changes in the
context of SOSIP gp140 is now being evaluated.

Several unpurified and purified gp140UNC preparations from
both HIV-1 and SIVmac have been described elsewhere (2, 15,
19, 28, 86, 87, 105). There is general agreement that SIVmac

gp140UNC is predominantly trimeric (15, 19). In contrast, the
oligomeric state of HIV-1 gp140UNC varies from study to
study. After a purification procedure that included an earlier
size exclusion chromatography step, HIV-1 strain ADA
gp140UNC was eluted homogeneously from size exclusion col-
umns with a molecular weight that indicated that it was a
trimer (105). The production of oligomeric US4 gp140UNC that
might be trimeric has also been reported (86). The presence of
both dimers and tetramers in uncleaved versions of both mem-
brane-bound gp160 and soluble gp140 molecules has been
observed in several studies (27–30, 33, 101–103). Our own
experience, with the BN-PAGE assay, is that a mixture of
dimers, trimers, and tetramers is present in unpurified and
purified HIV-1 strain JR-FL gp140UNC preparations, with
dimers being the most abundant species (83). Moreover, the
dimeric and tetrameric forms of HIV-1 gp140UNC and gp160
are probably oligomerized by aberrant intermolecular disulfide
bonds (Fig. 2) (67, 83). It is unlikely that oligomeric gp140 of
this type will fully mimic the native conformation of Env.
Indeed, we have found that unpurified gp140UNC has an anti-

FIG. 6. HIV-1 gp41ECTO core structure and mutant peptides.
(A) The N36-C34 crystal structure is shown with one N36 helix and one
C34 helix labeled at the amino termini. Three C34 helices (red) pack
against the N36 trimeric coiled coil (blue). The van der Waal surfaces
of residues at positions a (red) and d (green) are superimposed on the
helix backbone of the N36 coiled coil. Amino acids substituted in this
study are indicated above the a and d layers. The diagram was pre-
pared by using the program GRASP (64). (B) Thermal melting tran-
sition curves of the N36(L6)C34 (open circles), I559G (closed circles),
I559P (open squares), L566V (open diamonds), and T569P (open
triangles) peptides were determined by CD spectroscopy at 222 nm
and at a peptide concentration of 10 �M in PBS. The increase in the
fraction of unfolded molecules is shown as a function of temperature.
All melts were reversible. Superimposable folding and unfolding
curves were observed, and �90% of the signal was regained upon
cooling. (C) Equilibrium sedimentation analysis of the T569P peptide.

TABLE 3. Biophysical characterization of JR-FL gp41 core
mutantsa

Mutant �222 (degrees/cm2/dmol) Tm (°C) Mobs/Mcalc

N36(L6)C34 32,500 78 3.1
I559G 32,300 46 2.9
I559P 25,600 34 —b

L566V 32,100 72 3.1
T569P 29,400 44 3.0

a All CD scans and melts were performed with 10 �M peptide solutions in PBS
(pH 7.0). Tm was estimated from the thermal dependence of �222. Sedimentation
equilibrium results are reported as a ratio of the experimentally determined
molecular weight to the calculated molecular weight for a monomer (Mobs/Mcalc).

b —, Aggregated, as determined by sedimentation equilibrium analysis.

Representative data for this peptide were collected at 20°C, 20,000
rpm, and a peptide concentration of 	30 �M in PBS. The data fit best
to a trimer model (curve 3). Curves for a dimer (curve 2) and a
tetramer (curve 4) are depicted for comparison. Analyses of residual
differences from curve 3 did not reveal a systematic error.
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genic structure different from that of unpurified SOS gp140
monomers and SOSIP gp140 trimers. Thus, nonneutralizing
antibody epitopes in both the gp120 and the gp41ECTO moi-
eties are exposed to a much greater extent in gp140UNC than in
SOS gp140 (Fig. 5) (5, 79, 83). We are now comparing purified,
cleaved and uncleaved trimers as well as purified, uncleaved
dimers and tetramers to assess their antigenic structures, their
migration in BN-PAGE analysis after various treatments, and
their receptor binding properties. These and other planned
structural studies should help determine whether SOSIP gp140
truly has properties that mimic those of the native Env trimer
or whether the I559P or related substitutions have converted
the gp41ECTO moieties into a nonnative, irrelevant conforma-
tion. It is possible that the gp41ECTO component of SOSIP
gp140 is in a fusion-incompetent configuration without any
adverse effect on the native conformation of the gp120 moi-
eties.

The trimer-stabilizing substitutions that we have described
here should simplify the production of cleaved Env trimers,
which may be useful in vaccine design and for structural stud-
ies. Whether cleaved, stabilized trimeric Env forms such as
SOSIP gp140 will turn out to be better or worse immunogens
than other forms of Env (e.g., gp140UNC) can be determined
only empirically. It may be necessary to further modify the
structure of SOSIP gp140 to increase its immunogenicity, for
example, by removing the variable loops to increase the expo-
sure of underlying conserved epitopes or by reducing the ex-
tent to which the protein is glycosylated (2, 7, 23, 53, 62, 76,
104). Proteins with such changes are now being constructed for
future structural and immunogenicity studies.
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